The free-radical-based selective desulfurization of cysteine residue is an efficient protocol to achieve ligations at alanine sites in the synthesis of polypeptide and proteins. In this work, the mechanism of desulfurization process has been studied using the density functional theory methods. According to the calculation results, the desulfurization of the thiol group occurs via a three-steps mechanism: the abstraction of hydrogen atom on the thiol group with the radical initiator VA-044 (2,2 ′ -azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride), the removal of S atom under the reductant TCEP (tris(2-carboxyethyl)phosphine), and the formation of RH molecule (with the regeneration of RS radical). The second step (desulfurization step) is the rate-determining step, and the adduct t-BuSH facilitates the desulfurization of cysteine via benefiting the formation of the precursor of the desulfurization step.
I. INTRODUCTION
As the elementary motif in multiple polypeptide chains, peptide has been frequently used in preparing polypeptides via biological and chemical synthetic methods. So far, one of the most powerful approaches is the native chemical ligation (NCL) developed by . NCL corresponds to a chemoselective reaction between an N-terminal cysteine (Cys) residue and a C-terminal thioester under neutral pH conditions, and produces an elongated polypeptide with an amide bond at the ligation point. Due to its chemoselectivity, ease of operation and high efficiency, NCL has been widely used in chemical total synthesis and semisynthesis of proteins [2, 3] . Nonetheless, the necessity for the N-terminal Cys residue at the ligation site significantly limits its application.
In the past decades, considerable efforts have been made to improve the NCL method [4] . One of the most effective strategies is the ligation-desulfurization approach. In this approach, a thiol group is first attached to the N -terminal amino acid, and then reacts with Cterminal peptide thioester by native chemical ligation process. After ligation, the thiol group can be chemically removed to achieve ligations at non-cysteine sites (Scheme 1). This protocol greatly expands the scope of * Authors to whom correspondence should be addressed. E-mail: 18611451229@163.com, shijing@ustc.edu.cn, Tel.: +86-551-63607 476, FAX: +86-551-63606689 NCL methods. For example, Dawson et al. proposed that either Raney nickel or Pd/Al 2 O 3 can be used to desulfurize cysteine to achieve ligations at alanine sites [5] . Similarly, the metal-catalyzed desulfurization approach has been successfully employed in the synthesis of some non-cysteine proteins and cyclic peptides [6] . However, this method always suffers from low yields and excessive demand for nickel reagent [7] . In addition, the Raney nickel is not compatible with the extensive functionality present in glycopeptide substrate systems, and causes the reduction of thiol/thioether [8] . The epimerization of the secondary alcohols might also occur in the presence of metal reducing reagent [9] . To settle these problems, Danishefsky group recently developed a free-radical based desulfurization approach [10] . In this method, the water-soluble 2,2 ′ -azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) was used as the radical initiator and tris(2-carboxyethyl)phosphine (TCEP) was used as the reducing reagent. Meanwhile, t-BuSH added in all the desulfurization processes. With this strategy, the concerned Cys residue in different peptides could be converted to Ala in good yields (70%−90%) at low temperatures (room temperature or 37
• C), implying the great potential of this method in the synthesis of glycopeptide and polypeptides [11, 12] .
As to the mechanism of desulfurization, Rabinowitz previously proposed a mechanism for P(OEt) 3 mediated desulfurization of thiol group (Scheme 2) [13] . The first step involves a reversible addition of alkylthiyl radical to phosphite, which generates a phosphoranyl radical intermediate. Subsequently, the β-elimination of phosphoranyl radical generates an alkyl radical (step Scheme 1 The ligation-desulfurization approach.
Scheme 2 Proposed mechanism of radical desulfurization reaction [13] .
2). Finally, the alkyl radical rapidly abstracts hydrogen atom from the parent thiol and yields the alkane product. Similar to Rabinowitz's proposal, Danishefsky et al. [10] suggested that the desulfurization mechanism of cysteine molecule (R 1 SH) or the adduct t-BuSH (R 2 SH) might occur via the following three steps (scheme 3): the abstraction of hydrogen atom of R n SH with the radical initiator VA-044, the removal of S atom under the reductant TCEP, and the formation of RH molecule (with the regeneration of R n S radical). Despite the aforementioned mechanism (Scheme 3), some of the intrinsic details remain ambiguous. For example, the detailed energetics and structures of the intermediates and transition states involved in these steps remains unknown. Meanwhile, the rate-determining step of the desulfurization and the effect of t-BuSH are also needed to be clarified. To solve these problems, we performed density functional theory (DFT) calculations on the desulfurization of Cys residue reported by Danishefsky et al. [10] . We hope that the calculated results and the related conclusions can provide a better understanding for the desulfurization processes, and benefit the future development of more desulfurization reactions.
II. COMPUTATIONAL DETAILS
All calculations were carried out with Gaussian 09 program [14] . The geometries of all species were optimized using B3LYP method with 6-31+G(d) basis set. Frequency calculations were performed at the same level to confirm the stationary points as real minima or transition states. Intrinsic reaction coordinate (IRC) [15] calculations were conducted to confirm that the transition state connects the correct reactant and product on the potential energy surface. Single-point energy calculations were performed on the stationary points by M06-2X [16] method with the 6-31G(d) basis set. In this work, the reported energies were the single-point energies corrected by Gibbs free energy corrections. For all the species, only the most favored conformations were reported and discussed in the following text. Cys (R 1 SH) molecule was first used as the reactant to study the detailed mechanism of the desulfurization process in the gas phase. Thereafter, in accordance with Danishefsky's experiments, a modeling dipeptide R 3 SH (Scheme 4) was used to discuss the desulfurization mechanism in water with M06-2X/6-31G(d)//B3LYP/6-31+G(d) method. SMD model was used for the solution-phase single point energy calculations [17] .
III. RESULTS AND DISCUSSION

A. Initiation of free radical
As a novel water-soluble azo-type initiator, VA-044 has been widely used due to its high efficiency, robustness, and easy operation [18, 19] . In the initiation step, VA-044 is decomposed into two radicals (A) and N 2 by breaking the double C−N bonds (Scheme 5) [19] . Subsequently, the active radical A can react with either the model reactant Cys (R 1 SH) or the adduct t-BuSH (R 2 SH) to generate the radical RS·. In the following section, the two different processes will be discussed respectively.
B. Desulfurization of Cys molecule
The free energy profile of the desulfurization of cysteine molecule (R 1 SH) is shown in Fig.1 . The radi- cal center in A first attacks the thiol hydrogen atom of R 1 SH via the hydrogen-transfer transition state TS1, and forms the thermodynamically more stable molecule A-1 and the radical R 1 S·. The energy barrier of this hydrogen-transfer step is 12.7 kcal/mol, and the formation of R 1 S· and A-1 is exergonic by 4.5 kcal/mol. The optimized structure of TS1 in Fig.2 indicates that the breaking S−H bond is lengthened to 1.544Å, while the distance of forming C-H bond is shortened to 1.477Å.
Once the radical R 1 S· is formed, it takes part in the desulfurization cycle by reacting with the reducing reagent TCEP rapidly. Because of the stability and the specificity in reduction of bivalent sulfur, TCEP has been widely used in biochemistry [20] . As shown in Fig.1 From optimized structures in β-elimination step (Fig.2) , we can see that the C−S and S−P distances in INTa are 1.828 and 2.811Å, respectively. In TS2, the related bond distances are 2.138 and 2.178Å, respectively. These values indicate that the S−P bond is gradually strengthened with the simultaneous C−S bond weakening. ipate in the Ala generation step by donating the hydrogen atom to R 1 ·. The calculated energy barriers of the two processes (with R 1 SH or R 2 SH) are 10.1 and 12.1 kcal/mol, respectively. Meanwhile, the formation of the R 1 S· is slightly more exergonic by that of R 2 S· (20.3 kcal/mol vs. 18.4 kcal/mol). Accordingly, the hydrogen transfer process of cysteine molecule (R 1 SH) is more favorable than that of t-BuSH (R 2 SH) from both kinetic and thermodynamic aspects. Note that the low energy barrier and the high energy release in this Ala generation step are consistent with Rabinowitz's previous proposal that the formed radical R 1 · can rapidly capture the hydrogen atom of thiol [13] .
According to the energy profile (Fig.1) , the ratelimiting step of the desulfurization of Cys is the second step, i.e. sulfur atom removal step. The overall activation energy barrier is 17.4 kcal/mol (R 1 S·→TS4).
C. Desulfurization of t-BuSH molecule
To elucidate the effect of t-BuSH used in Danishefsky's study, we also examined the desulfurization mechanism starting from t-BuSH (R 2 SH). Similar to the above discussions starting from R 1 SH, the desulfurization of t-BuSH molecule also includes three steps (Fig.3) . The first step is the hydrogen-abstraction process. Then the radical R 2 S· is formed via the hydrogentransfer transition state TS4. The corresponding energy barrier is 13.8 kcal/mol. The second step is the reduction of radical R 2 S·. The sulfur atom of radical R 2 S· gradually gets close to the phosphorus atom of TCEP to generate the intermediate INTb with a free energy increase of 2.6 kcal/mol (Fig.4) . The intermediate INTb decomposition is followed by the breaking of S−C bond with a barrier of 12.3 kcal/mol. After that, the sulfur atom of radical The third step is the regeneration of RS· (R=R 1 or R 2 ). Similar to the radical R 1 ·, the formed radical R 2 · can either react with Cys to generate the active radical R 1 S· via the hydrogen-transfer transition states TS6a, or react with t-BuSH to form radical R 2 S· via TS6b. The relative free energies of TS6a and TS6b are 8.0 and 9.6 kcal/mol, respectively. Subsequently, both of DOI:10.1063/1674-0068/28/cjcp1501009 c ⃝2015 Chinese Physical Society the formed radicals R 1 S· and R 2 S· can participate in the desulfurization cycle by reaction with TCEP (the second process of Fig.1 and Fig.3 ). The related calculation results shown in Fig.3 indicate that the regeneration of R 1 S· is relatively more favorable (than that of R 2 S·) from both kinetic and thermodynamic aspects. According to Fig.3 , the rate-limiting step is the removal sulfur atom process, and the corresponding transition state is TS5 with a barrier of 14.9 kcal/mol.
D. The overall mechanism of the desulfurization in the concerned reaction system
For both of desulfurization pathways of R 1 SH and R 2 SH, the rate-limiting step is the desulfurization step. Comparing the detailed transformations in these two pathways, we can see that the hydrogen-abstraction process (the first step) involving Cys is relatively more facile than that involving t-BuSH. Meanwhile, the sulfur removal step involving t-BuSH is slightly more facile than the Cys pathway. Thereafter, the involvement of Cys in the third step (radical regeneration step) results in the regeneration of R 1 S· radical. R 1 S· represents the most stable intermediate in the reaction system, and it can be easily formed via the reaction of A with R 1 SH. Therefore, the relative free energy of R 1 S· determines the overall activation barrier of these two pathways. According to Fig.1 and Fig.3 , the activation barriers of R 1 SH pathway is 17.4 kcal/mol. By contrast, the R 2 SH pathway has to first undergo the reverse reaction of hydrogen transfer step (from R 1 S· to the starting point) to regenerate A. Therefore, the overall activation barrier of R 2 SH pathway is 18.3 kcal/mol (the energy gap between R 1 S· and TS4). In this context, the desulfurization of R 1 SH is slightly more feasible. Nonetheless, the low energy difference between these two pathways indicates that they might be competitive. Interestingly, in the R 2 SH pathway, t-BuSH is finally reduced to tBuH with the generation of R 1 S·, which can then lead to the Cys pathway. Therefore, we suggest that the adduct t-BuSH facilitates the desulfurization of Cys by benefiting the formation of the requisite R 1 S· in the R 1 SH pathway. Finally, once all the Cys participate in the reaction system, the formed radical R 1 S· will end the chain reaction by combining with each other (please see supplementary material for more details).
E. The mechanism of desulfurization in solution phase
To take the solvent effect into account [21] , we also conducted solution-phase calculations in the present study. The modeling dipeptide compound R 3 SH (used in Danishefsky's experiments) is used. In addition, considering that the zwitterionic forms of amino acids are more stable than their corresponding unionized forms in the solution phase [21(a) , 22], we selected the zwitterionic form of R 3 SH to examine its desulfurization mechanism.
The free energy profile of the R 3 SH desulfurization process is shown in Fig.5 . The geometries optimized in water are listed in Fig.S2 in supplementary material. Good consistency has been gained from the calculation results in solution and gas phases. For example, the relative free energies of all species in Fig.5 (the desulfurization mechanism of R 3 SH) show the same trends as the gas phase calculation results (the desulfurization mechanism of Cys). That is, the desulfurization step is the rate determining step of the overall desulfurization process, and the radical regeneration step of cysteine residue is kinetically and thermodynamically more favorable than that of t-BuSH (TS9a vs. TS9b and R 3 S· vs. R 2 S·). In addition, the optimized structures of each species in these two systems (gas phase and solution phase) are close to each other. For clarity, the optimized structures of TS8 and TS2 have been chosen as examples (Fig.6) .
To better understand the driving force of the desulfurization process, we also calculated the C−SH and C−H bond dissociation energies (BDE) of R 1 SH, R 2 SH and R 3 SH molecules (please see Table S1 in supplementary material for more details). The calculation results indicate that C−H BDEs are generally (96.1−105.4 kcal/mol) higher than the related the C−SH BDEs (72.6−74.2 kcal/mol). Thus, the released energy by the formation of C−H bond somewhat compensates the energy demands in breaking the C−SH bond. This conclusion also explains the low energy barriers of the desulfurization step (<20 kcal/mol).
For comparison, the relative Gibbs free energies of the species in the gas phase and water solvent are listed in Table I . From Table I , it can be seen that the overall energy barrier in water (15.4 kcal/mol) is relatively lower than that of gas phase (17.4 kcal/mol) . Therefore, it's expected that the selective desulfurization of Cys residue in water is more favorable than in gas phase (or low polar solvent). This proposal is verified by the natural population analysis (NPA) ( Table S2 in the supplementary material). It's found that in the rate determining step (desulfurization step), the charge density on the carbon atom of the C−SH group gradually decreases, due to the interaction between the P atom of TCEP and the S atom of the RS· radical. The charge separation weakens the C−S bond, and thus facilitates the desulfurization step. Meanwhile, the charge of C atom in intermediate INTa is higher than that in INTc (−0.469 e vs. −0.452 e), indicating that the C−S bond strength of INTa is stronger than that of INTc, and the water solvent facilitates the desulfurization on R 3 SH (relative to that on R 1 SH). Finally, the low energy barriers in Fig.5 indicate that the reaction can be completed in a short time at room temperature. This conclusion is in good agreement with the experimental results of Danishefsky group [10] . 
IV. CONCLUSION
The mechanism of desulfurization of cysteine residue was studied using the density functional theory method. The calculated results show that the reactant undergoes hydrogen-transfer, removal of sulfur atom and regeneration of radical RS· processes subsequently. The rate-limiting step is the second step, i.e. removal of the sulfur atom via the reaction between radical of cysteine residue and the reductant (tris(2-carboxyethyl) phosphine in the present study). The adduct t-BuSH molecule can facilitate the desulfurization because it helps the formation of cysteine residue radical (precursor of the desulfurization step).
Supplementary material: Termination process of desulfurization reaction, Optimized geometries of R3SH desulfurization process, the BDE and NPA values of R 1 SH, R 2 SH and R 3 SH molecules. 
